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b1-mRNA levels. The increases in a1- and b1-mRNA levelsIntracellular Na1 directly modulates Na1,K1-ATPase gene ex-
upon addition of ouabain were associated with significant in-pression in normal rat kidney epithelial cells.
creases in a1- and b1-subunit proteins.Background. In a wide variety of cell systems, increases in
Conclusions. In NRK, ouabain causes an increase in [Na1]i,cell Na1 ([Na1]i) lead to an induction of N1,K1-ATPase mRNA
which directly modulates Na1,K1-ATPase a1- and b1-mRNAexpression. On the other hand, the increase in [Na1]i can also
accumulation.induce a rise in cell Ca21 ([Ca21]i) through a secondary inhibi-
tion of Na1/Ca21 exchange and a decrease in cell pH (pHi)
through a secondary inhibition of Na1/H1 exchange. It is not
known whether [Na1]i, [Ca21]i, and/or pHi directly modulate The Na1,K1-ATPase (Na1 pump) is a heterodimericN1,K1-ATPase mRNA expression.
transmembrane protein found in all mammalian cells.Methods. We used normal rat kidney epithelial cells (NRK)
to examine the effects of ouabain on N1,K1-ATPase a1- and This protein maintains intracellular ion composition by
b1-mRNA accumulation by Northern blot analysis and the transporting Na1 and K1 against their concentration gra-
relationship between the mRNA accumulation and [Na1]i, dients across the cell membrane, and plays a central role[Ca21]i, or pHi. [Na1]i, [Ca21]i, and pHi were measured using a
in the regulation of membrane potential, cell ion content,Na1-sensitive fluorescent dye (SBFI), a Ca21-sensitive fluores-
and cell volume in various kinds of cells (reviewed in [1]).cent dye (Fura-2), and a pH-sensitive fluorescent dye (BCECF),
respectively. Structurally, the enzyme is composed of at least two
Results. Ouabain (1 mmol/L) significantly increased [Na1]i. subunits: a large catalytic a-subunit and a smaller glycosi-
Upon addition of ouabain, a1-mRNA levels increased to 2.3 lated b-subunit (reviewed in [1, 2]). The a-subunit con-times the control level at three hours, with maximum 3.3-fold
tains an intracellular adenosine 59-triphosphate (ATP)elevations at 12 hours. b1-mRNA levels also increased to 2.4
binding site, a phosphorylation site, an Na1 binding site,times the control level at 3 hours, with a maximum 3.3-fold
increase at 12 hours. The ouabain-mediated a1- and b1-mRNA and an extracellular binding site for cardiac glycoside,
induction was inhibited by both the RNA transcription inhibi- that is, ouabain. On the other hand, the b subunit is
tor (actinomycin D) and the protein synthesis inhibitor (cyclo- thought to be involved in subunit assembly and in func-heximide). Ouabain at three hours caused an increase in [Ca21]i.
tional maturation. The two subunits are encoded bySimilar increases in [Ca21]i, which were elicited by the Ca21
multigene families and appear to be differentially ex-ionophore (ionomycin) in the presence of extracellular Ca21,
had no effect on a1- or b1-mRNA levels. In Ca21-free medium pressed among tissues and during development [3, 4]. In
treated with EGTA, ouabain at three hours caused a significant rats, cDNAs encoding three a-subunit isoforms (a1, a2,
increase in [Na1]i without any changes in [Ca21]i, and also a3) have been cloned and sequenced [3–5]. Threeincreased a1- and b1-mRNA levels. Ouabain at three hours
b-subunit isoforms (b1, b2, b3) have also been clonedcaused a significant decrease in pHi. Similar decreases in pHi,
and sequenced in rats [4, 6–8]. In most cells and tissues,which were elicited by the specific inhibitor of Na1/H1 exchange
(ethylisopropylamiloride), caused no effect on a1- or b1-mRNA including the mammalian kidney, the enzyme comprises
levels. Exposure of NRK to the Na1 ionophore (monensin) in predominantly the a1 and b1 isoforms [9].
the absence of extracellular Ca21 increased [Na1]i and a1- and It is generally accepted that in a wide variety of cell
systems, elevations of cell Na1 ([Na1]i) can be brought
about by the following methods: use of Na1 ionophoreKey words: gene regulation, cell sodium, ouabain, cell calcium, kidney
epithelial cell, transport. (monensin) [10, 11], exposure to a voltage-sensitive Na1
channel activator (veratridine) [12, 13], and inhibition ofReceived for publication May 24, 1999
Na1 pump activity by ouabain [11, 14, 15] or by reducedand in revised form October 18, 1999
Accepted for publication November 2, 1999 extracellular K1 [15–20]. These elevations lead to an in-
duction of Na1,K1-ATPase mRNA and Na1,K1-ATPaseÓ 2000 by the International Society of Nephrology
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Fig. 1. Representative fluorescent tracings of [Na1]i immediately after the addition of ouabain at different concentrations to normal rat kidney
epithelial cells (NRK). The arrow indicates time of ouabain addition.
substances coupled to Na1 transport, and thus plays a
key role in the regulation of Na1 balance, extracellular
volume, and blood pressure. Therefore, it is of consider-
able importance to elucidate the cellular mechanisms im-
plicated in these regulatory responses of Na1,K1-ATPase
gene. In Madin-Darby canine kidney (MDCK) cells,
which are thought to originate from the late distal tubule
or early collecting duct [25], a low-K1 medium causes a
coordinate increase in Na1,K1-ATPase a- and b-mRNA
abundance and a- and b-subunit protein abundance [17].
However, the increased pump abundance was not associ-
ated with increased levels of [Na1]i [17]. To determine the
cellular mechanisms responsible for the Na1,K1-ATPase
gene up-regulation associated with changes in [Na1]i, weFig. 2. Time course of [Na1]i upon the addition of ouabain to NRK
during 24 hours. Each point is means 6 SE of six separate experiments. began studies on another cell line with characteristics of
Symbols are: (h) control; (r) ouabain; *P , 0.001 compared with the distal tubule normal rat kidney epithelial cells NRK-control.
52E (NRK). This cell line, like A6 cells, has characteris-
tics of Na1-transporting epithelial cells, expresses both
mineralocorticoid and glucocorticoid receptors, and ex-
hibits induction of a1- and b1-mRNA by aldosteroneenzymatic activity in order to maintain a physiological
[26, 27], although it is derived from a mixed populationconcentration of [Na1]i and the essential transmembrane
of both proximal and distal tubular epithelial cells trans-gradient. These findings suggest that Na1,K1-ATPase
formed by the murine Moloney sarcoma virus [28].gene expression may be regulated by changes in intracel-
In combination with Northern blot analysis and mea-lular ionic contents and especially [Na1]i. However, the
surements of [Na1]i, [Ca21]i, and pHi, the present studydirect evidence that elevation of [Na1]i directly modu-
was conducted to address: (1) whether ouabain stimu-lates Na1,K1-ATPase mRNA expression and Na1,K1-
lates Na1,K1-ATPase a1- and b1-mRNA accumulationATPase activity is lacking, although some studies reported
and a1- and b1-subunit protein accumulation in NRK;increased levels of [Na1]i [11, 16–20]. The increased (2) the mechanisms for up-regulation of a1- and b1-[Na1]i, in turn, would increase cell Ca21 ([Ca21]i) through mRNA induced by ouabain, and (3) how the Na1,K1-
a secondary inhibition of Na1/Ca21 exchange [21–23] and ATPase gene expression induced by ouabain is modu-
decrease cell pH (pHi) through a secondary inhibition lated by changes in intracellular ionic contents.
of Na1/H1 exchange [22, 24]. Consequently, increased
[Ca21]i and/or decreased pHi would modulate Na1,K1-
METHODSATPase mRNA expression.
Cell cultureIn renal epithelial cells, Na1,K1-ATPase provides the
concentration gradient necessary for the tubular reab- Normal rat kidney epithelial cells (NRK) were pur-
chased from the American Type Culture Collectionsorption of Na1 and for the transport of a variety of
Muto et al: Na1,K1-ATPase gene regulation by cell NA1 1619
Fig. 3. Time course of Na1,K1-ATPase a1- and b1-mRNA accumulation by ouabain in NRK. (A) Northern blot analyses. (B) Quantitations of
the Northern blot. Symbols are: (h) control; (r) ouabain. Abundance of mRNA is expressed as units of densitometry relative to time 0. Each
point is means 6 SE of six separate experiments. *P , 0.001 compared with control.
(Rockville, MD, USA). Cells were maintained in Dul- with chloroform/isopropanol. Total RNA was then pre-
becco’s modified Eagle’s medium (DMEM; Sigma, St. cipitated with 100% ethanol, washed with 75% ethanol,
Louis, MO, USA) supplemented with 5% fetal calf se- and dissolved in 25 mL of diethyl pyrocarbonate-treated
rum (FCS; Flow Laboratories, Irvine, UK) and 1% water. The RNA was quantitated by ultraviolet absorb-
nonessential amino acids (Flow Laboratories) in 95% ance at 260 nm. Equal amounts of total RNA (20 mg/
air/5% CO2 at 378C. After reaching confluence, NRK lane) were size fractionated on 1% denaturing agarose-
were passaged through trypsin/ethylenediaminetetraace- formaldehyde gels and capillary blotted onto nylon mem-
tic acid (EDTA) and seeded at a 1:3 ratio in 100 mm branes (Hybond N; Amersham, Buckinghamshire, UK)
culture dishes (Becton Dickinson, Franklin Lakes, NJ, in 203 standard saline citrate (SSC; 1 3 SSC contains
USA). Experiments were performed on monolayer cul- 0.15 mol/L NaCl and 0.0015 mol/L sodium citrate, pH
tures of NRK on plastic dishes (100 mm culture dish; 7.0) overnight. The filters were prehybridized for 30 min-
Becton Dickinson) or glass cover slips. utes at 688C before hybridization using Quick-Hybe
(Stratagene, La Jolla, CA, USA), a hybridization solu-
Northern blot analysis tion designed to shorten the hybridization time. The
filters were then hybridized for one hour at 688C in theTotal RNA was isolated using a single-step guanidine
thiocyanate method, as described in our laboratory [29–31]. same solution with 106 cpm/mL of [a-32P]dCTP random
primer-labeled Na1,K1-ATPase a1- and b1-cDNAIn brief, confluent NRK were lyzed using ISOGENe
(Nippon Gene, Tokyo, Japan), which contained phenol probes from rats. The a1-cDNA probe consisted of a
2.2 kb Nco I restriction fragment [32]. The b1-cDNAand guanidine isothiocyanate. The lysate was extracted
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ylsulfonyl fluoride, 1 mmol/L leupeptin, 1 mmol/L peps-
tatin A, and 20 mmol/L HEPES, pH 7.4]. Homogenate
extracts were centrifuged for three minutes at 1600 3 g
at 48C to pellet unbroken cells, and the resulting superna-
tant was collected for use in immunoblotting. The protein
content of the cells was determined by the Bio-Rad pro-
tein assay kit (Bio-Rad Laboratories Inc., Richmond,
CA, USA), using bovine serum albumin as the standard.
Homogenate protein (20 mg) was subjected to SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) on
polyacrylamide gels (9.0% for a1, and 10.5% for b1)
and then electrophoretically blotted onto nitrocellulose
membranes (Hybond-ECL; Amersham). Uniform blot-
ting across the gel was verified by Coomasie brilliant
blue staining of the postblot gel. The transfer membranes
were incubated for one hour at room temperature with
Tris-buffered saline-Tween 20 (TBS-Tween; 150 mmol/L
NaCl, 50 mmol/L Tris/HCl, pH 7.5, 0.1% Tween 20)
containing 5% (wt/vol) skim milk, followed by a one-
hour incubation with the desired antibody, that is, rabbit
anti-rat Na1,K1-ATPase a1- or b1-specific antibodies
(Upstate Biotechnology Inc., Lake Placid, NY, USA).
The antibodies were diluted in TBS-Tween (1:200 for
a1 or 1:1000 for b1). After incubation, the membranesFig. 4. [Na1]i upon the addition of ouabain at different concentrations
to NRK. NRK were exposed to ouabain at different concentrations for were washed three times for 15 minutes each in TBS-
12 hours. Data are means 6 SE of six separate experiments. Tween at room temperature and were then incubated
for one hour with horseradish peroxidase-conjugated
donkey anti-rabbit immunoglobulin G antibody (1:5000
dilution; Amersham). The membranes were again washedprobe consisted of a 0.9 kb Pst I-Spe I restriction frag-
ment [33]. The filters were washed twice for 10 minutes at three times for 15 minutes each in TBS-Tween at room
temperature and were then made visible by fluorographyroom temperature in 2 3 SSC and 0.1% sodium dodecyl
sulfate (SDS) followed by a 10-minute wash at 458C in with enhanced chemiluminescence detection kit (Amers-
ham). The results were quantitated by densitometric0.1 3 SSC and 0.1% SDS. Autoradiography was per-
formed at 2708C and quantitated by densitometric scan- scanning (Immunomedica) and were expressed as a rela-
tive increase compared with control. The reliability ofning (Image Analyzer TIF-64; Immunomedica, Tokyo,
Japan). The filter membranes were also hybridized with the kit for quantitation of protein abundance was deter-
mined. We loaded 10, 20, and 40 mg cell homogenate[a-32P]ATP-labeled rat glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) oligonucleotide probe. The a1- and resolved by SDS-PAGE. The densitometer-scanned
immunoblotting results of the previously mentionedand b1-mRNA areas were standardized for each lane
in the GAPDH area to control for variability in RNA samples were plotted and revealed a satisfactory linearity.
loading.
Measurements of [Na1]i
Western blot analysis Measurements of [Na1]i were carried out by the meth-
ods described previously [34–36]. The NRK grown onConfluent NRK were incubated in FCS-free DMEM
for 24 hours and were then treated with ouabain (1 glass cover slips in 24-well culture dishes (Becton Dickin-
son) were rinsed with physiological saline solution (PSS)mmol/L) for the next 24 hours. They were washed three
times with ice-cold phosphate buffered saline (PBS) and containing (in mmol/L) 140 NaCl, 4.6 KCl, 1 MgCl2, 2
CaCl2, 10 glucose, and 10 HEPES, pH 7.4, and were loadedwere scraped and centrifuged at 1600 3 g for three min-
utes at 48C. The supernatant was removed, and cell pel- with 10 mmol/L sodium-binding benzofuran isophthalate
acetoxy-methyl ester (SBFI/AM; Molecular Probes, Eu-lets were stored at 2708C before use. Homogenization
was performed by sonication with Branson sonifier gene, OR, USA) for three hours at 378C [33–35].
SBFI/AM was dissolved in PSS containing 0.02% pluro-(Branson Ultrasonics Corporation, Danbury, CT, USA)
at settings of three 40% duty cycles, 20 pulses in homoge- nic F-127, a nonionic surfactant. After the loading period,
the cells on glass cover slips were rinsed with PSS andnization buffer [250 mmol/L sucrose, 5 mmol/L NaN3, 2
mmol/L egtazic acid (EGTA), 200 mmol/L phenylmeth- placed in a 1 3 1 cm quartz cuvette in a fluorescence
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Fig. 5. a1- and b1-mRNA accumulation upon the addition of ouabain at different concentrations to NRK. NRK were exposed to ouabain at
different concentrations for 12 hours. (A) Northern blot analyses in NRK treated with ouabain at different concentrations. (B) Quantitations of
the Northern blot. Data are means 6 SE of seven separate experiments, expressed as a relative increase in mRNA expression compared with
control samples.
spectrophotometer (CAF-100; Japan Spectrophotome- Measurement of [Ca21]i
ter, Tokyo, Japan). The dual-wavelength excitation Cytosolic free Ca21 levels ([Ca21]i) of NRK were esti-
method for the measurement of SBFI fluorescence was mated from fura-2 fluorescence as described previously
used. The fluorescence was monitored at 500 nm, with [34, 37]. The cells were incubated with PSS containing 5
excitation wavelengths of 340 and 380 nm in the ratio mmol/L fura-2 acetoxymethyl ester (fura-2/AM; Dojindo
mode. [Na1]i was calibrated by equilibrating [Na1]i with Biochemicals, Kumamoto, Japan) for 60 minutes at 378C.
the extracellular Na1 concentration using 1 3 1026 mol/L After aspiration of the fura-2/AM solution, the glass
gramicidin. The reference standard solution was made cover slips were rinsed and then placed in a quartz cu-
from appropriate mixtures of Na1 and K1, which were vette at 378C in a fluorescence spectrophotometer (CAF-
adjusted to 135 mmol/L (total Na1 1 K1). The [Na1]i 100). The fluorescence was monitored at 500 nm with
was determined from the relationship between the ratio excitation wavelengths of 340 and 380 nm in the ratio
mode. From the ratio of fluorescence at 340 and 380 nm,and the authentic [Na1]i, as described previously [34, 36].
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Fig. 6. Effects of the transcription inhibitor actinomycin D (AD) on ouabain-induced up-regulation of a1- and b1-mRNA accumulation in NRK.
NRK were preincubated for one hour with AD (5 mg/mL) and were further exposed to ouabain (1 mmol/L) in the continued presence of AD for
12 hours. (A) Northern blot analyses in control and ouabain-treated NRK in the absence and presence of AD. (B) Quantitations of the Northern
blot. Data are means 6 SE of five separate experiments, expressed as a relative increase in mRNA expression compared with control samples.
the [Ca21]i was determined as described by Grynkiewicz, Measurement of pHi
Poenie, and Tsien using the following expression: [Ca21]i Measurements of pHi were carried out by the methods
(nmol/L) 5 Kd 3 [(R 2 Rmin)/(Rmax 2 R)] 3 b, where R described previously [34, 37]. The cells were loaded with
is the ratio of fluorescence of the sample at 340 and 380 PSS containing 2 mmol/L fluorescent indicator dye 29,79-
nm, and the Rmax and Rmin are determined by treating the bis(carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl
cells with 5 3 1025 mol/L digitonin and 1 3 1022 mol/L ester (BCECF/AM; Molecular Probes) for 60 minutes
MnCl2, respectively [38]. The term b is the ratio of fluo- at 378C. At the end of the loading period, the cells were
rescence of fura-2 at 380 nm in zero and saturating Ca21. washed twice with PSS and inserted into a quartz cuvette.
Kd is the dissociation constant of fura-2 for Ca21, assumed The dual-wavelength excitation method for the measure-
ment of BCECF fluorescence was used. The fluorescenceto be 224 nmol/L at 378C.
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Fig. 7. Effects of the protein synthesis inhibitor cycloheximide (CHX) on ouabain-induced up-regulation of a1- and b1-mRNA accumulation in
NRK. NRK were preincubated for 30 minutes with CHX (20 mg/mL) and were further exposed to ouabain (1 mmol/L) in the continued presence
of CHX for 12 hours. (A) Northern blot analyses in control and ouabain-treated NRK in the absence and presence of CHX. (B) Quantitations
of the Northern blot. Data are means 6 SE of five separate experiments, expressed as a relative increase in mRNA expression compared with
control samples.
of the BCECF-loaded cells was measured using two exci- Plasmid constructs
tation wavelengths, 450 and 500 nm, and a 530 nm emis- The pA1LF-1, which harbors the Sal I-Nco I fragment
sion wavelength. The fluorescent signal was calibrated of the rat Na1,K1-ATPase a1-subunit gene from the 59-
at several pH values (6.6, 7.0, and 7.4) in KCl solution flanking region (–1537) to just before the translation
consisting of (in mmol/L) 140 KCl, 4.6 NaCl, 1 MgCl2, initiation site in the first exon (1261) fused to the firefly
2 CaCl2, 10 glucose, and 10 HEPES containing 10 mg/mL luciferase coding sequence in the plasmid pSV0A/LD59,
was used for the reporter gene assay as previously de-of the K1-H1 ionophore nigericin (Sigma) [34, 37].
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Fig. 8. Effects of ouabain in the presence and
absence of extracellular Ca21 on [Ca21]i and
[Na1]i in NRK. NRK were exposed to 2
mmol/L Ca21 containing DMEM (control),
DMEM treated with ouabain (1 mmol/L),
Ca21-free DMEM containing 0.1 mmol/L
EGTA, or Ca21-free DMEM containing 0.1
mmol/L EGTA plus ouabain (1 mmol/L) for
three hours. The number of experiments done
on control and ouabain-treated NRK in the
presence and absence of extracellular Ca21 is
four to six.
scribed [39]. The pSV0A/LD59 construct contained the B-Net Inc., Tokyo, Japan) containing firefly luciferin.
Emission of light, integrated over 10 seconds, was mea-entire coding sequence of the luciferase gene minus its
promoter [40]. The DNA fragment from 2764 to 1129 sured with a luminometer (AutoLumat LB 953; EG&G
Berthold, Bad Wilbad, Germany). b-galactosidase activ-of the rat Na1,K1-ATPase b1-subunit gene was isolated
from the rat genomic DNA by polymerase chain reaction ity was assayed by Galacto-Light assay kit (Tropix, Inc.,
Bedford, MA, USA), following the manufacturer’s in-(PCR) with primers of CCCTCGAGACGGGAAGAG
CCACAGAC and CCAAGCTTACCACTCTGCCTG structions. At first, we incubated cell lysate at 488C for
50 minutes to inactivate the internal b-galactosidase ac-CTATGACCT. The PCR product was digested with
Xho I and Hind III and was subcloned into pSV0A/LD59 tivity of the cell [41]. Ten microliters of the cell lysate
were then mixed with 67 mL of reaction buffer. After(pB1LF-1). b-galactosidase expression vector pEF-
BOSbGAL [39] was used as an internal control for lucif- one hour of incubation at room temperature, light emis-
sion was measured using 100 mL of light emission accelera-erase gene expression. All plasmids were purified using
Qiagen columns (Qiagen Inc., Chatworth, CA, USA) tor. The luciferase activity was normalized with the b-
galactosidase activity. The relative luciferase values areaccording to the manufacturer’s instructions.
the average of three independent experiments.
Transient transfection and luciferase and
b-galactosidase assays Statistical analysis
Values are expressed as means 6 SE. ComparisonsThe NRK were cultured in 60 mm dishes (Becton
Dickinson) and were transiently transfected with 1.5 mg were performed by Student’s t-test, Mann–Whitney’s U-
test, or one-way analysis of variance (ANOVA) in combi-of plasmids (pSV0A/LD59, pA1LF-1, or pB1LF-1) and
0.1 mg of pEF-BOSbGAL per dish by lipopolyamide- nation with Scheffe´’s multiple comparison test, as needed.
P values of less than 0.05 were considered significant.mediated transfection (LipofectAMINEe; Life Tech-
nologies, Inc., Gaithersburg, MD, USA) according to the
manufacturer’s instruction. After a 24-hour incubation,
RESULTS
NRK were washed with PBS and were then exposed to
Effects of ouabain on [Na1]iDMEM or DMEM treated with ouabain (1 mmol/L) for
the next 12 hours. The cells were then harvested with We first examined the rapid effects of ouabain on
[Na1]i in NRK. Representative fluorescent tracings of80 mL of cell lysis buffer containing 100 mmol/L potas-
sium phosphate (pH 7.8), 1 mmol/L dithiothreitol, and [Na1]i immediately after the addition of ouabain at dif-
ferent concentrations are shown in Figure 1. When oua-0.2% Triton X-100. Cell extracts were then centrifuged
at 16,000 3 g for two minutes at 48C, and luciferase bain at 0.1 mmol/L was added to NRK, there was no
significant change in [Na1]i. On the other hand, the addi-activity was measured. For this purpose, a 20 mL aliquot
was mixed at room temperature with 100 mL of luciferase tion of ouabain at 1 and 5 mmol/L significantly increased
[Na1]i from 14.4 6 0.2 to 16.6 6 0.2 mmol/L (N 5 4,assay reagent (PicaGene luciferase assay system; Toyo
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Fig. 9. Effects of ouabain in the presence and absence of extracellular Ca21 on a1- and b1-mRNA accumulation in NRK. NRK were exposed to
2 mmol/L Ca21 containing DMEM (control), DMEM-treated ouabain (1 mmol/L), Ca21-free DMEM containing 0.1 mmol/L EGTA, or Ca21-free
DMEM containing 0.1 mmol/L EGTA plus ouabain (1 mmol/L) for three hours. (A) Northern blot analyses in control and ouabain-treated NRK
in the absence and presence of extracellular Ca21. (B) quantitations of the Northern blot. Data are means 6 SE of five separate experiments,
expressed as a relative increase in mRNA expression compared with control samples.
P , 0.005) and 27.9 6 1.2 mmol/L (N 5 4, P , 0.001), were placed in FCS-free DMEM for 24 hours prior to
respectively. Therefore, in the following studies, we used the addition of ouabain (1 mmol/L) and were then ex-
1 mmol/L ouabain. We next examined the time course posed to the drug for another 24 hours. Representative
of [Na1]i on the addition of ouabain (1 mmol/L) to NRK Northern blot analyses of a1- and b1-mRNA accumula-
during 24 hours. As shown in Figure 2, the maximum tion in ouabain-treated NRK are shown in Figure 3A,
increase in [Na1]i occurred at six hours (control, 15.2 6 and quantitations of each mRNA amount are summa-
0.6 mmol/L, N 5 6; ouabain, 31.3 6 0.8 mmol/L, N 5 rized in Figure 3B. As shown in Figure 3A, the a1-cDNA
6, P , 0.001). Then the ouabain-induced increase in probe hybridized to a single band estimated at 3.7 kb,
[Na1]i was sustained with exposure of NRK to ouabain which is in close agreement with the size of a1-mRNAfor up to 24 hours. Control cells had no effect on [Na1]i in various rat tissues. In contrast, the b1-cDNA probethroughout the 24-hour period.
hybridized to a broad band ranging from 1.4 to 2.9 kb.
Effects of ouabain on Na1,K1-ATPase a1- and It has been reported that in rat kidneys, the Na1,K1-
b1-mRNA accumulation ATPase b1-subunit is encoded by multiple mRNAs,
which can be grouped into classes based on the lengthsWe next examined the effects of ouabain on Na1,K1-
ATPase a1- and b1-mRNA expression in NRK. NRK of their 59- and 39-untranslated regions [42]. Size varia-
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than 0.3 mmol/L. The stimulatory effects of ouabain on
a1- and b1-mRNA levels became saturated with the
exposure to ouabain at more than 0.5 mmol/L, although
levels of [Na1]i in NRK treated with ouabain at 1 mmol/L
were significantly greater than those in NRK treated
with ouabain at 0.5 mmol/L (Fig. 4).
Effects of actinomycin D on ouabain-mediated a1-
and b1-mRNA induction
To determine whether ouabain affects a1- and b1-
mRNA accumulation by increasing the rate of synthesis
or decreasing the rate of degradation, we examined the
effect of the mRNA transcription inhibitor actinomycin
D (AD). For this experiment, NRK were preincubated
with AD (5 mg/mL) for one hour prior to the addition
of ouabain (1 mmol/L) and then exposed to the drug
for a 12-hour period. Representative Northern blots are
shown in Figure 6A, and quantitations of the NorthernFig. 10. Effects of the Ca21 ionophore, ionomycin, on [Ca21]i in NRK.
NRK were exposed to 2 mmol/L Ca21 containing DMEM (control), blots are summarized in Figure 6B. AD alone had no
DMEM treated with ouabain (1 mmol/L), or with ionomycin (1027 mol) effect on a1- or b1-mRNA levels. Ouabain alone in-
for three hours. The number of experiments done on control, ouabain-,
creased a1- and b1-mRNA levels 3.1- and 3.0-fold, re-and ionomycin-treated NRK is five. *P , 0.001 compared with control.
spectively. AD completely abolished the stimulatory ef-
fect of ouabin on a1- and b1-mRNA levels.
Effects of cycloheximide on ouabain-mediated a1- andtion at the 39 end is due to the use of at least two of the
b1-mRNA inductionfive potential polyadenylation sites, whereas variation at
the 59 end appears to be due to the use of different To determine whether the ouabain-induced up-regula-
initiation sites [42]. Therefore, this broad band was con- tion of a1- and b1-mRNA occurs through newly synthe-
sidered b1-mRNA. When NRK were exposed to oua- sized intermediate regulatory proteins, the protein syn-
bain, a1-mRNA levels increased to 2.3 times the control thesis inhibitor cycloheximide (CHX) was added to NRK
level by as early as three hours, with a maximum 3.3-fold at a concentration adequate to block protein synthesis
increase at 12 hours. Similarly, upon addition of ouabain completely. In the present study, 20 mg/mL CHX inhib-
to NRK, b1-mRNA levels increased to 2.4 times the con- ited protein synthesis by 95%, as determined by [3H]leu-
trol level by as early as 3 hours, with a maximum 3.3-fold cine incorporation (data not shown). For this purpose,
increase at 12 hours. Even after a 24-hour exposure to NRK were preincubated for 30 minutes with CHX and
ouabain, both a1- and b1-mRNA levels still increased were further exposed to ouabain (1 mmol/L) in the con-
to three times the control level. On the other hand, tinued presence of CHX for 12 hours. Representative
control DMEM showed relatively constant levels of both Northern blots are shown in Figure 7A and quantitations
a1- and b1-mRNA throughout the 24-hour period. of the Northern blots are summarized in Figure 7B. CHX
alone had no effect on a1- or b1-mRNA levels. Ouabain
Dose dependency alone increased a1- and b1-mRNA levels 2.9- and 3.2-
Next, we examined the dose-dependent effects of oua- fold, respectively. CHX completely abolished the stimu-
bain on [Na1]i and a1- and b1-mRNA expression in latory effect of ouabain on a1- and b1-mRNA levels.
NRK. NRK were placed in serum-free DMEM for 24
Role of [Ca21]i in ouabain-induced a1- andhours prior to the addition of ouabain and were then
b1-mRNA up-regulationexposed to ouabain at different concentrations for 12
hours. As shown in Figure 4, ouabain increased [Na1]i Because the elevation of [Ca21]i has been reported to
in a dose-dependent manner. Significant effects of oua- stimulate both a1- and b1-mRNA levels in rat outer
bain on [Na1]i occurred at more than 0.5 mmol/L, and medullary kidney tubular suspensions [43], we next ex-
the maximal effect of ouabain occurred at 1 mmol/L. amined the effects of ouabain in the presence and ab-
Representative Northern blot analyses and quantitations sence of extracellular Ca21 on [Ca21]i, [Na1]i, and Na1,K1-
of these experiments are shown in Figure 5A and 5B, ATPase mRNAs expression. As shown in Figure 8, when
respectively. Ouabain also increased a1- and b1-mRNA NRK were exposed to 2 mmol/L Ca21 containing DMEM
levels in a dose-dependent manner; significant effects of treated with ouabain (1 mmol/L) for three hours, [Ca21]i
and [Na1]i significantly increased from 82.3 6 4.0 toouabain on a1- and b1-mRNA levels occurred at more
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Fig. 11. Effects of ionomycin on a1- and b1-mRNA accumulation in NRK. NRK were exposed to 2 mmol/L Ca21 containing DMEM (control),
DMEM treated with ouabain (1 mmol/L), or with ionomycin (1027 mol) for three hours. (A) Northern blot analyses in control, ouabain-, and
ionomycin-treated NRK. (B) Quantitations of the Northern blot. Data are means 6 SE of five separate experiments, expressed as a relative
increase in mRNA expression compared with control samples.
164.9 6 9.3 nmol/L (N 5 5, P , 0.001) and from 14.5 6 absence of extracellular Ca21 is significantly (P , 0.001)
smaller than that in its presence (Fig. 8). The increase0.7 to 30.6 6 0.8 mmol/L (N 5 6, P , 0.001), respectively.
When NRK were exposed to Ca21-free DMEM con- in [Ca21]i in response to ouabain presumably reflects a
slowing of Na1-dependent Ca21 extrusion from the celltaining 0.1 mmol/L EGTA for three hours, [Ca21]i sig-
nificantly decreased to 17.2 6 2.3 nmol/L (N 5 4, P , and perhaps a reversal of the process to an Na1-depen-
dent Ca21 influx mode, secondary to an increase in [Na1]i0.001), but [Na1]i was not significantly affected. When
NRK were exposed to ouabain (1 mmol/L) in the ab- [21–23], although we do not know whether this mecha-
nism completely accounts for the observed changes insence of extracellular Ca21 for three hours, [Ca21]i did
not significantly change (Fig. 8). However, this maneuver [Ca21]i. Figure 9 shows the effects of ouabain in the
presence and absence of extracellular Ca21 on a1- andsignificantly increased [Na1]i to 20.8 6 0.5 mmol/L (N 5
5, P , 0.001), although the increase in [Na1]i in the b1-mRNA expression. In the presence of extracellular
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Ca21, the addition of ouabain to NRK for three hours
elevated a1- and b1-mRNA levels 2.3- and 2.4-fold, re-
spectively. The removal of extracellular Ca21 caused no
effect on a1- or b1-mRNA levels. In the absence of
extracellular Ca21, ouabain also increased a1- and b1-
mRNA levels 2.2- and 2.3-fold, respectively. Further-
more, similar increases in [Ca21]i to ouabain (1 mmol/L)
were elicited by the Ca21 ionophore ionomycin. When
NRK were incubated in 2 mmol/L Ca21 containing
DMEM treated with ionomycin (1027 mol/L) for three
hours, [Ca21]i significantly increased from 83.5 6 4.1 to
140.5 6 2.7 nmol/L (N 5 5, P , 0.001; Fig. 10). However,
ionomycin caused no effect on a1- or b1-mRNA levels
(Fig. 11).
Role of pHi in ouabain-induced a1- and
b1-mRNA up-regulation
It is possible that blocking the Na1 pump activity re-
duces pHi and that the up-regulation of a1- and b1-
mRNA is mediated by changes in pHi. These pHi changes
could be mediated by the increase in [Na1]i after inhibi-
tion of pump activity and diminished H1 extrusion by
Na1/H1 exchange, since the electrochemical driving
force for H1 extrusion would be compromised [24]. Ac-
cordingly, we examined the effects of ouabain on pHi
estimated from the fluorescence of BCECF/AM. As ex-
pected, upon the addition of ouabain (1 mmol/L) to
NRK for three hours, pHi significantly decreased from
7.20 6 0.02 to 7.02 6 0.04 (N 5 5, P , 0.005), and [Na1]i
significantly increased from 13.6 6 0.5 to 25.8 6 0.5
mmol/L (N 5 5, P , 0.001; Fig. 12). At this time, a1-
and b1-mRNA levels significantly increased to 2.3 and
2.2 times the control level, respectively (Fig. 13). To
examine whether the decreased pHi induced by ouabain
directly affects a1- and b1-mRNA levels, similar pHi
changes were elicited by the addition of the specific
Na1/H1 exchange inhibitor ethylisopropylamiloride
Fig. 12. Effects of the specific inhibitor of Na1/H1 exchange, ethyliso-(EIPA). When EIPA (100 mmol/L) was added to NRK
propylamiloride (EIPA), on pHi and [Na1]i in NRK. NRK were exposedfor three hours, pHi significantly decreased to 7.04 6 0.03 to 2 mmol/L Ca21 containing DMEM, DMEM treated with ouabain (1
(N 5 5, P , 0.001), and [Na1]i slightly, but significantly, mmol/L) or with EIPA (100 mmol/L) for three hours. The number of
experiments done on control, ouabain-, and EIPA-treated NRK is five.decreased to 10.5 6 0.2 mmol/L (N 5 5, P , 0.001; Fig.
12). However, EIPA did not increase a1- or b1-mRNA
levels (Fig. 13).
Effects of monensin on a1- and b1-mRNA expression
Effects of ouabain on Na1,K1-ATPase a1- and
To examine whether another intervention that in-
b1-subunit protein accumulation
creases [Na1]i also stimulates Na1,K1-ATPase mRNA
We examined whether ouabain stimulates a1- and b1-expression, we used the Na1 ionophore monensin. Expo-
subunit protein accumulation in NRK. Representativesure of NRK to monensin (10 mmol/L) in Ca21-free
Western blot analyses are shown in Figure 16A andDMEM containing 0.1 mmol/L EGTA for three hours
quantitations of these experiments are summarized insignificantly increased [Na1]i from 13.3 6 0.3 to 26.5 6
Figure 16B. When NRK were treated with ouabain (11.3 mmol/L (N 5 5, P , 0.001; Fig. 14), as well as a1-
mmol/L) for 24 hours, a1- and b1-subunit protein levelsand b1-mRNA levels to 2.3 and 2.1 times the control
level, respectively (Fig. 15). increased 2.3- and 2.6-fold, respectively.
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Fig. 13. Effects of EIPA on a1- and b1-mRNA accumulation in NRK. NRK were exposed to 2 mmol/L Ca21 containing DMEM (control), 2
mmol/L Ca21 containing DMEM treated with ouabain (1 mmol/L), or 2 mmol/L Ca21 containing DMEM treated with EIPA (100 mmol/L) for
three hours. (A) Northern blot analyses in control, ouabain-, and EIPA-treated NRK. (B) Quantitations of the Northern blot. Data are means 6
SE of four separate experiments, expressed as a relative increase in mRNA expression compared with control samples.
Effects of ouabain on promotor activities in tially no luciferase activity in transfected NRK exposed
transfected NRK to DMEM or DMEM treated with ouabain (1 mmol/L).
Furthermore, ouabain caused no effect on luciferase ac-Finally, we examined whether the 59-flanking regions
tivities for the a1- or b1-subunit genes (data not shown).of the a1- and b1-subunit genes is [Na1]i responsive. For
this purpose, chimeric plasmids containing the sequences
of the a1-, b1-subunit genes (pA1LF-1 or pB1LF-1, re-
DISCUSSIONspectively) or plasmid alone (pSV0A/LD59) were tran-
The present study was designed to determine whethersiently transfected into NRK, and a luciferase reporter
gene assay was performed. The pSV0A/LD59 had essen- Na1,K1-ATPase mRNA expression is directly modu-
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channel activator veratridine [12, 13], or when resident
pumps are inhibited with the cardiac glycoside ouabain
[11, 14, 15], or by limiting extracellular K1 [15–20].
Bowen and McDonough reported that the a1- and b1-
mRNA levels coordinately increased within 30 minutes
after exposure of MDCK cells to a low-K1 medium, with
a peak elevation at 60 minutes, and then decreased over
the next several hours [17]. In cultured chicken skeletal
muscle treated with veratridine [12], the increase in
b-mRNA levels is marked, transient, and followed by a
smaller increase in a-mRNA levels. When ARL 15 cells
were exposed to a low-K1 medium for 24 hours, the
increase in a-mRNA levels was double that of b-mRNA
levels [20]. Exposure of primary cultures of rat proximal
tubule to K1 depletion for 24 hours induced a b-mRNA
increase (3.4-fold) that was greater than that of an
a-mRNA (1.9-fold) [18]. When LLC-PK1 cells were incu-
bated in a low-K1 medium, the b-mRNA levels increased
to 1.8-fold by 6 hours and remained elevated at this level
over the 24-hour time course, whereas the a-mRNA
levels did not change during the time course [16]. Simi-
larly, in primary cultured human renal cortex cells
treated with a low-K1 medium, only b-mRNA levelsFig. 14. Effects of the Na1 ionophore, monensin, on [Na1]i in NRK.
NRK were exposed to Ca21-free DMEM containing 0.1 mmol/L EGTA increased with a maximum 2.5-fold increase at six hours
(control) or Ca21-free DMEM containing 0.1 mmol/L EGTA plus mo- [19]. When cultured neonatal rat cardiocytes werenensin (10 mmol/L) for three hours. The number of experiments done
treated with ouabain (1 mmol/L), a1-, a2-, a3-, and b1-on control and monensin-treated NRK is five. *P , 0.001 compared
with control. mRNA levels increased with a peak elevation (a1-, a2-,
a3-mRNA levels, threefold to fourfold increase; b1-
mRNA levels, twofold increase) at six hours and then
decreased over the next several hours [11]. In vascular
lated by [Na1]i, [Ca21]i, and/or pHi. This study demon- smooth muscle cells, the stimulatory effect of veratridine
strated that in NRK, the specific Na1 pump inhibitor on a1- and b1-mRNA levels reached its maximum at 60
ouabain stimulates Na1,K1-ATPase a1- and b1-mRNA minutes with twofold and threefold, respectively [13]. In
accumulation and a1- and b1-subunit protein accumula- the present article, we observed that in ouabain-treated
tion. Ouabain increases [Na1]i and [Ca21]i, whereas it NRK, both a1- and b1-mRNA levels increased as early
decreases pHi. In the absence of extracellular Ca21, oua- as 3 hours, with a maximum 3.3-fold increase at 12 hours,
bain caused a significant increase in [Na1]i without any and were still increased to three times the control level
changes in [Ca21]i and also increased a1- and b1-mRNA at 24 hours. These findings show another pattern of pre-
levels. The Ca21 ionophore ionomycin, which increased translational regulation of a-and b-mRNAs: early and
[Ca21]i, had no effect on a1- or b1-mRNA levels. The persistent changes in both a1- and b1-mRNA with simi-
specific Na1/H1 exchange inhibitor EIPA, which caused lar magnitude. Our observation that ouabain increased
a decrease in pHi, had no effect on a1- or b1-mRNA both a1-and b1-mRNA accumulation coordinately with
levels. The Na1 ionophore monensin in the absence of respect to both time and magnitude indicates that the
extracellular Ca21 increased [Na1]i as well as a1- and increase in a1- and b1-subunit protein levels involves a
b1-mRNA levels. regulated rise in both subunit mRNAs rather than only
Ionic regulation of Na1,K1-ATPase abundance has one that is rate limiting. In fact, when NRK were treated
been studied in many cells, including HeLa cells [15], with ouabain for 24 hours, the increase in a1-subunit
ARL 15 cells [10, 20], chicken skeletal muscle [12], cul- protein levels is quite similar to that in b1-subunit protein
tured rat neonatal cardiocytes [11], vascular smooth mus- levels (Fig. 16).
cle cells [13], rat outer medullary kidney tubular suspen- Actinomycin D blocks DNA transcription and mRNA
sions [14], human renal cortex cells [19], cultured renal synthesis by binding to the guanosine residues. AD can
proximal tubule cells [18], and the renal cell lines MDCK be used to investigate mRNA turnover because it does
cells [17] and LLC-PK1 cells [16]. Ionic concentration- not markedly affect post-transcriptional steps that lead
dependent up-regulation of Na1,K1-ATPase abundance to mRNA degradation [44]. In the presence of AD, oua-
bain did not show an appreciable effect on either a1- oris observed when Na1 influx is stimulated by the Na1
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Fig. 15. Effects of monensin on a1- and b1-mRNA accumulation in NRK. NRK were exposed to Ca21-free DMEM containing 0.1 mmol/L EGTA
(control) or Ca21-free DMEM containing 0.1 mmol/L EGTA plus monensin (10 mmol/L) for three hours. (A) Northern blot analyses in control
and monensin-treated NRK. (B) Quantitations of the Northern blot. Data are means 6 SE of four separate experiments, expressed as a relative
increase in mRNA expression compared with control samples. *P , 0.001 compared with control.
b1-mRNA accumulation. Therefore, the up-regulation present data apparently contrast with those reported by
Taormino and Fambrough [12], in whose studies it wasof a1- and b1-mRNA observed in ouabain-treated NRK
occurs mainly due to an increase in mRNA synthesis in shown that veratridine-induced increase in b-mRNA oc-
curs in the presence of CHX in cultured chicken skeletaleither the transcription or the RNA processing steps,
rather than due to a decrease in the mRNA degradation muscle. Lescale-Matys et al also observed in LLC-PK1
cells that low-K1–induced b-mRNA up-regulation wasrate.
We demonstrated that pretreatment of CHX com- not inhibited by CHX [16].
Inhibition of the Na1 pump activity by ouabain or apletely inhibited the stimulatory effects of ouabain on
a1- and b1-mRNA levels, whereas it caused no effect low-K1 results in a disruption of transmembrane Na1
and K1 gradients, as well as processes that depend on theon basal levels of a1- or b1-mRNA. These findings are
consistent with the view that the ouabain-mediated a1- gradients and membrane potential. Cells can compensate
by increasing the number of Na1 pumps in the plasmaand b1-mRNA induction requires, at least in part, de
novo synthesis of intermediate regulatory proteins. The membrane [45]. However, the cellular mechanisms impli-
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Fig. 16. Effects of ouabain on Na1,K1-ATPase a1-and b1-subunit pro-
tein accumulation. NRK were exposed to DMEM (control) or DMEM
treated with ouabain (1 mmol/L) for 24 hours. (A) Western blot analy-
ses. (B) Quantitations of the Western blot. Data are means 6 SE of
four separate experiments, expressed as units of densitometry relative
to control. *P , 0.001 compared with control.
cated in these regulatory responses have not fully been component in mediating the effect of inhibition of pump
activity on Na1,K1-ATPase mRNA expression. Anotherunderstood. Several mechanisms, including [Na1]i, [Ca21]i,
and pHi, have been proposed as intracellular mediators potential candidate for the Na1,K1-ATPase mRNAs up-
regulation is [Ca21]i. Rayson reported that elevation oflinking with Na1,K1-ATPase gene regulation. The pres-
ent study shows that ouabain decreased pHi but in- [Ca21]i directly stimulates a1- and b1-mRNA levels in
rat outer medullary kidney tubular suspensions [43]. Thecreased [Na1]i. This pHi response may be similar to that
of [Ca21]i in that the driving force for Na1/H1 exchange a1-mRNA response to the elevation of [Ca21]i appears,
at least partly, to reflect an increase in transcription rate,across the plasma membrane could be diminished sec-
ondary to the rise in [Na1]i [24]. Similar changes in pHi, whereas the b1-mRNA response is not associated with
the increased transcription rate. In the present study,which were elicited by the specific inhibitor of Na1/H1
exchange (EIPA), did not increase a1- or b1-mRNA removal of extracellular Ca21 caused a significant de-
crease in [Ca21]i, but did not influence a1- or b1-mRNAlevels. Thus, we can exclude changes in pHi as a major
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levels at all. In the absence of extracellular Ca21, ouabain addition of ouabain in the absence Ca21. From these
findings, they concluded that [Na1]i directly modulatesdid not increase [Ca21]i, but also increased a1- and b1-
mRNA levels. Similar [Ca21]i increases, which were elic- a1-mRNA expression. However, they did not measure
[Na1]i, [Ca21]i, or pHi 60 minutes after the addition ofited by the Ca21 ionophore (ionomycin), had no effect
on a1- or b1-mRNA levels. Thus, it is unlikely that in ouabain. Also, they did not measure [Na1]i at the same
time interval after the addition of monensin. Therefore,NRK, changes of [Ca21]i play a major role in the ouabain-
induced a1- and b1-mRNA up-regulation. it is unclear whether [Na1]i per se modulates a1-mRNA
expression. Also, they did not elucidate Na1 dependencySeveral lines of evidence indicate that pump inhibition
by the addition of ouabain and a low K1 medium are for b1-mRNA expression. In combination with Northern
blots and measurements of [Na1]i, [Ca21]i, and pHi, theassociated with a decrease in cell K1 and an increase in
[Na1]i [16–19]. On the other hand, previous studies have present study was the first to demonstrate the direct
regulation of Na1,K1-ATPase a1- and b1-mRNA byshown that monensin increases the rate of Na1 entry
and thereby stimulates Na1 pump activity [46, 47]. The [Na1]i in NRK.
As described previously in this article, we observedpump stimulation could cause increased uptake of K1
into the cell and consequently increased concentrations that ouabain increased a1- and b1-mRNA levels with a
similar magnitude in the presence and absence of extra-of cell K1. In fact, we measured intracellular K1 levels
using the K1-sensitive fluorescent dye potassium-binding cellular Ca21, although an ouabain-induced increase in
[Na1]i in the absence of Ca21 is significantly smaller thanbenzofuran isophthalate acetoxy-methyl ester (PBFI/AM;
Molecular Probes) in NRK. When NRK were exposed that in its presence (Figs. 8 and 9). The stimulatory effects
of ouabain on a1- and b1-mRNA levels became saturatedto Ca21-free DMEM containing 0.1 mmol/L EGTA plus
ouabain (1 mmol/L) for three hours, the ratio of fluores- with the exposure to ouabain at more than 0.5 mmol/L
(Fig. 5), although levels of [Na1]i further increased incence intensities excited at 340/380 nm (I340/I380 ratio) was
significantly decreased from 5.12 6 0.18 (N 5 5) to 3.58 6 NRK exposed to ouabain at 1 mmol/L (Fig. 4). In other
words, the a1- and b1-mRNA up-regulation associated0.17 (P , 0.01, N 5 5). On the other hand, when NRK
were exposed to Ca21-free DMEM containing 0.1 mmol/L with changes in [Na1]i reached a plateau when the levels
of [Na1]i became more than approximately 20 mmol/L.EGTA plus monensin (10 mmol/L) for three hours, the
I340/I380 ratio was significantly increased to 6.78 6 0.38 Also, it should be noted that the increase in [Na1]i in-
duced by ouabain preceded the increase in a1- and b1-(P , 0.005, N 5 5). However, both ouabain and monen-
sin caused increased a1- and b1-mRNA levels, which mRNA levels. These findings indicate that because of
intracellular compartmentation, the mean concentrationwere associated with increased [Na1]i (Figs. 8, 9, 14, and
15). Therefore, it is unlikely that changes in the cell K1 of [Na1]i is not an accurate reflection of the change
necessary to induce a1- and b1-mRNA accumulation.concentration directly modulate Na1,K1-ATPase gene
expression. Taken together with the previously mentioned Rather, only a small increase in [Na1]i could be a signal
for the induction of Na1,K1-ATPase mRNAs in NRK,data, we conclude that in NRK, changes in [Na1]i per
se play a key role in the regulation of Na1,K1-ATPase although other signals that contribute to these responses
cannot be ruled out. Similarly, incubation of MDCK cellsgene expression.
The induction of Na1,K1-ATPase mRNAs in response [17] and LLC-PK1 cells [16] in a low-K1 medium has been
reported to cause an increase in mRNA for Na1,K1-to low K1, ouabain, or varatridine has been studied in
a number of cell lines, as described earlier in this article. ATPase, even at times when [Na1]i increases by only
20%. However, the mechanisms by which changes inThese studies suggest that [Na1]i may modulate Na1,K1-
ATPase gene expression. However, the role of [Na1]i [Na1]i modulate Na1,K1-ATPase gene expression are
not clear at the present time. To examine the underlyingwas not evaluated in the ionic regulation of Na1,K1-
ATPase gene, although some studies reported increased mechanisms at the transcriptional level, we transfected
cDNAs of the 59-flanking regions of the rat Na1,K1-[Na1]i [11, 16–20]. Recently, Yamamoto et al reported
in cultured rat neonatal cardiocytes that ouabain caused ATPase a1- and b1-subunit genes linked to the firefly
luciferase reporter gene into NRK. However, we dida significant increase in a1-mRNA levels, with a peak
elevation at 60 minutes [11]. They observed that the not observe stimulatory effects of ouabain on promotor
activities for the a1- or b1-subunit genes, although theincrease in a1-mRNA also occurs 60 minutes after the
addition of ouabain in the absence of extracellular Ca21 possibility that other sequences of the a1- and b1-subunit
genes may be [Na1]i-responsive cannot be ruled out.and that the exposure of cardiocytes to monensin in
the absence of extracellular Ca21 for 60 minutes also Since the ouabain-induced a1- and b1-mRNA up-regula-
tion is dependent on the de novo synthesis of intermedi-stimulates a1-mRNA expression. They also observed
that both [Na1]i and [Ca21]i increased immediately after ate regulatory proteins, we also propose that increased
levels of [Na1]i may be involved in the synthesis of thesethe addition of ouabain in the presence of extracellular
Ca21, whereas only [Na1]i increased immediately after proteins. Identification and analysis of the binding pro-
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13. Yamamoto K, Ikeda U, Okada K, Saito T, Kawakami K, Shimadateins will allow us to understand the mechanisms for
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1994expression.
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